and volatile, 3 which makes them valuable precursors for electroluminescent layers. 4 In addition, their photophysical properties can be tuned almost at will by a judicious choice of ancillary ligands. 5À8 Indeed, conventional synthesis usually yields bis-(hydrated) tris(β-diketonates), but the two solvent molecules can be effortlessly substituted by either a fourth diketonate anion or a bidentate donor ligand which may be functionalized so as to provide convenient light-harvesting and subsequent energy transfer onto the metal ion. Lanthanide β-diketonates and their derivatives are amenable to incorporation into all kind of materials, from thin films, 9 to ionic liquids, 10 mesoporous 11 or microporous 12 hybrids, and nanoparticles. 13 The unmatched luminescent properties of β-diketonate compounds and materials are at the heart of a number of applications, ranging from analytical sensors, 14À16 emissive layers for organic light-emitting diodes (OLEDs), 17À19 including white-light production, 20, 21 nonlinear optics, 22 as well as time-resolved bioanalyses 23 and bioimaging. 24, 25 It is noteworthy that not only visible but also near-infrared luminescence 26, 27 is efficiently sensitized in β-diketonate ternary complexes.
When examining photophysical parameters reported in the literature for water-free β-diketonates, one realizes that at first sight data may seem to be contradictory in the sense that irrespective of large quantum yields, up to 85% for Eu III , 28 lifetimes of the excited states remain short, in spite of little vibrational quenching in the first coordination sphere. Typical values for Eu( 5 D 0 ) are in the range 0.3À0.7 ms whereas much longer lifetimes are reported for other classes of compounds with similar quantum yields (1.5À2.5 ms). This is most probably due to β-diketonates inducing appreciable admixture of ligand orbitals into 4f wave functions, henceforth leading to relatively short radiative lifetimes. 29 In this way, the Laporte's forbidden f-f transitions become more probable, and the observed lifetimes are comparatively short. Generally speaking, replacing the two Inorganic Chemistry ARTICLE water molecules in the inner coordination sphere of tris(β-diketonates) is expected to have two beneficial effects: (i) the removal of OÀH induced vibrational quenching and (ii) depending on the electronic levels of the ancillary ligands, enhancement of the energy transfer processes resulting in luminescence sensitization. 30, 31 These two effects are repeatedly mentioned in the literature but rarely quantified separately. In addition, to our knowledge, there is no mention of the potential effect of the ancillary ligand on the radiative lifetime of the excited Ln III level. In this work, we aim at quantitatively elucidating the beneficial effects of 2,2 0 -bipyridine-N,N 0 -dioxide (bpyO2) as ancillary ligand on the photophysical properties of [Ln(hfa) 3 (bpyO2)] (Ln = Eu, Tb). We have selected this ligand because 2,2 0 -bipyridine-N,N 0 -dioxide is an efficient chromophore for the sensitization of lanthanide luminescence either as such, 32, 33 or when grafted onto podands 34 or calix [4] arenes. 35 Indeed, the preferred binding of Ln III ions, which are hard Lewis acids, to oxygen-donor ligands make them ideal for the design of efficient luminescent materials because high bond-valence contribution of the O-donors leads to more 4f orbital mixing and thus to luminescence enhancement. Here, a detailed analysis of the relevant sensitization parameters for Ln = Eu allows us to decipher the role of the ancillary ligand with respect to vibrational quenching removal, contribution to energy transfer, and radiative lifetime shortening resulting in the large luminescence enhancement observed when going from [Ln(hfa) 3 3 (bpyO2)] 3 0.5C 6 H 6 (1) of satisfying quality could be obtained by slow evaporation of the corresponding ternary complex in benzene. X-ray diffraction analysis revealed this compound crystallizing in the monoclinic space group P2 1 /n and being mononuclear. Corresponding selected structural parameters are listed in Table 1 .
The Eu III ions are well separated in the crystal structure, with Eu 3 3 3 Eu distances larger than 9.6 Å, an asset for efficient luminescence since energy migration between metal ions will be minimized. The metal ions are surrounded by eight oxygen atoms, six of them provided by anionic β-diketone ligands and two by the bpyO2 ancillary ligand acting as a bidentate chelating agent ( Figure 1 ). The hfa À anions are coordinated differently: while hfa(b)
À and, to a lesser extent, hfa(c) À are almost symmetrically bound (Δ(EuÀO) < 0.015 Å), hfa(a) À displays two EuÀO distances which differ by 0.08 Å, and its bite angle is slightly smaller, ≈ 71°versus ≈73°for the other two anions. Such asymmetry in the EuÀO(hfa) bond lengths is quite typical for lanthanide β-diketonates and might be caused by weak intermolecular interactions leading to highest-density packing in the crystal structure. 36, 37 Altogether, the EuÀO(hfa) distances vary from 2.3609 (15) 40 This rotation can also be characterized by another parameter, the degree of bending (DB), 41 defined as the sum of angles between the CÀC bond and the pyridine rings; the DB increases in going from the free ancillary ligand, 1.4°, 40 to the bound ligand in 1, 7.2°. As a comparison, the DB of the bpyO2 ligands in the homoleptic complex [Nd(bpyO2) 4 ]-[ClO 4 ] 3 ranges from 2.8 to 5.6°,with a mean value of 4.4°. 32 The relative bonding strengths of the ligands were quantified by the bond-valence contribution, ν Ln,j , using the bond-valence method.
42, 43 The average ν Ln,j (hfa) value is equal to 0.38(3), while that of bpyO2 is marginally larger, 0.40(1), in line with expectations based on the ligand charges but at variance with the mean values of EuÀO(hfa) and EuÀO(bpyO2) ( Table 1 , discussion above). The calculated bond-valence sum V Ln is 3.09 and matches well the formal oxidation state of Eu III ion (þ3.00) within the accuracy of the method ((0.25 valence units).
To get more insights into the coordination geometry around Eu III ion and estimate the degree of distortion from ideal 8-coordination polyhedra, the "shape measure" criterion S, suggested by Raymond et al., 44 was estimated as follows:
here m is the number of all possible edges, δ i is the observed dihedral angle along the ith edge of the experimental polyhedron δ, and θ i is the same angle for the corresponding ideal polytopic shape θ. The three most commonly encountered 8-coordination polyhedra were considered: the square antiprism (SAP, D 4d ), the trigonal dodecahedron (DOD, D 2d ), and the bicapped trigonal prism (BCTP, C 2v ). 45 Analysis of the data shows that the coordination polyhedron around the Eu III ion deviates substantially from an ideal polyhedron and is best described as a distorted trigonal dodecahedron:
Thermal Analysis. Since thermal behavior, particular stability and volatility, is important for practical applications in electroluminescent materials, [Ln(hfa) 3 
were investigated by means of thermal analysis under nitrogen atmosphere and in vacuum. In general, the thermal behavior of the reported complexes was independent of the nature of the lanthanide ion; therefore, the following discussion is restricted to Gd III complexes only.
No weight loss is observed up to 190°C both under nitrogen and in vacuum (Figure 2 ). Upon further heating, the thermal behavior of [Gd(hfa) 3 (bpyO2)] is different depending on the atmosphere. Under nitrogen, weight loss occurs in two steps but decomposition does not reach completion even at 600°C: the total weight loss (70%) is lower than the one corresponding to transformation into fluoride (78%), oxyfluoride (80%), oxide (81%), or their mixtures. In vacuum, on the other hand, the total weight loss for [Gd(hfa) 3 (bpyO2)] reaches 100%, which can be attributed to substantial sublimation of the complex. So, thermal deposition of thin films of [Ln(hfa) 3 (bpyO2)] can be envisaged in vacuum. Detailed investigation of the thermal behavior of [Ln(hfa) 3 (bpyO2)] is presently under way to prove the probability of intact sublimation.
Photophysical Properties. Ligand-Centered Luminescence. It is commonly accepted that one of the major channel for energy transfer in lanthanide coordination compounds involves longlived triplet states of organic ligands. 46 Therefore, it becomes an important issue to determine the energy of the triplet state, E T(0À0) . Usually, Gd III compounds are optimum for this purpose, because of their structural similarity with Eu III and Tb III complexes on one hand, and, on the other hand, the larger probability of ligand phosphorescence because of combination of both paramagnetic 47 and heavy-atom 48 effects. In addition, the 6 P 7/2 state of Gd III ion lies at too high energy to be populated through most organic ligands. However, in our case, it became a real problem to obtain phosphorescence spectra of either [Gd(NO 3 ) 3 -(bpyO2)] or [Gd(hfa) 3 (bpyO2)] because even when high purity Gd 2 O 3 oxide (99.998%) was used as a starting reagent, minute amounts of Eu III in it led to almost complete quenching of the phosphorescence emission. We therefore moved to Lu III complexes, which were successfully synthesized and their phosphorescence spectra were measured and compared with the one of the starting material [Lu(hfa) 3 (H 2 O) 2 ] (Figure 3) . The E T(0À0) energy of the bpyO2 ligand was estimated from Gaussian decomposition of the broad-band [Lu(NO 3 ) 3 (bpyO2)] spectrum centered at ∼525 nm and found to be 20 540 cm À1 . The general envelope of the phosphorescence spectrum of the ternary (Figures 4, 5) .
The Eu III emission spectrum is sharp in the case of the solid state sample but becomes broader for the solution in CH 2 Cl 2 (Figure 4) , however, without pronounced change in the distribution of integral intensities between 5 D 0 f 7 F J transitions ( 3 ) = 0.86. The intrinsic quantum yield for the CH 2 Cl 2 solution is 30% smaller compared to the solid state sample; one-third of this decrease is attributable to the longer radiative lifetime only, so that the additional decrease points to collisional deactivation through solvent molecules.
Finally, the sensitization efficiency (η sens ) was estimated from (Table 3) . After 2 months τ obs of the thin film was remeasured and was found to be slightly larger, 0.60(3) ms, thus pointing to long-term stability of this material. Inorganic Chemistry
Altogether, the photophysical data reported here confirm the important role played by the ancillary ligand in [Eu(hfa) 3 -(bpyO2)] in (i) increasing the energy transfer efficiency, (ii) eliminating nonradiative deactivation pathways, and (iii) reducing the radiative lifetime. This is exemplified in Figure 7 , which details the variation of the photophysical parameters for solid state samples in going from the bis(hydrate) to the ternary complex.
The introduction of bpyO 2 in the inner coordination sphere results in a 3.8-fold increase in the overall sensitization efficiency; assuming that the role of hfa À remains the same in both compounds, this means that approximately 3/4 of the energy transfer is due to the ancillary ligand in the ternary complex. Removal of water molecules largely influences the observed lifetime which sustains a 3.2-fold increase because nonradiative deactivation through harmonics of OÀH vibrations is suppressed. Interestingly, however, the intrinsic quantum yield increases more, 4.3 times, and this is due to a decrease in the radiative lifetime (À25%). The quantitative relationship between this parameter and the electronic structure of the complexes is still unclear, 29 and chelate designers usually do not consider radiative lifetime tuning in the tailoring of ligands with large sensitization efficiencies. It is nevertheless clear that increasing 4f-orbital mixing will decrease τ rad and will have a beneficial influence on the intrinsic and overall quantum yields, as demonstrated here when water is replaced by the aromatic ancillary molecule bpyO2. A similar trend has been recently reported for onedimensional coordination polymers [Eu(hfa) 3 (Q)] with various aromatic bidentate O-donors. 6 When Q = 1,4-dimethyltherephtalate, the sensitization efficiency is equal, within experimental errors, to the one reported here for the mononuclear ternary complex with bpyO2, but the overall quantum yield is ≈27% larger, a difference almost entirely due to a shorter radiative lifetime (À21%). It seems therefore important to give more attention to this parameter so as to have an additional handle to influence the construction of highly luminescent lanthanide complexes. ) transitions using either a Fluorolog FL3-22 spectrofluorimeter or a home-built system with a nitrogen laser (λ ex = 337 nm) and a boxcar averager system (model 162), including gated integrators (model 164) and wide-band preamplifier (model 115) from EG&G Princeton applied research. Luminescence decays were analyzed with Origin and proved to be single-exponential functions in all cases. Quantum yields were determined with the Fluorolog FL3-22 spectrofluorimeter at room temperature under excitation into ligand states according to an absolute method 54 using a home-modified integration sphere. 55 Each sample was measured several times under slightly different experimental conditions. The estimated error for quantum yields is (10%.
Synthesis.
[Ln(hfa) 3 (bpyO2)] (Ln III = Eu, Gd, Tb, Lu) were synthesized according to a general procedure: equimolar amounts of [Ln(hfa) 3 (H 2 O) 2 ] and bpyO2 were refluxed in benzene or toluene for 2 h, then the solution was cooled and further evaporation of the solvent yielded colorless precipitates which were isolated by decantation and dried in air. Yield: 95À100%.
[Eu(hfa) 3 3 (bpyO2)] after 1 week. Diffraction data were collected on a Bruker SMART APEX II CCD diffractometer (MoK R λ = 0.71072 Å) at 100 K. Empirical absorption correction was applied using Bruker SADABS program package. 56 The structure was solved by direct methods and refined by the full-matrix least-squares technique against F 2 in the anisotropicisotropic approximation. Analysis of electron density synthesis have revealed that two CF 3 groups are disordered by two positions with occupancies 0.732(3), 0.268(3) and 0.787(5), 0.213 (5) . The hydrogen atoms were located from the Fourier density synthesis and refined with the riding model. All calculations were performed with the SHELXTL software package. 57 Crystallographic data and some details of data collection and structure refinement are listed in Table 4 . Crystallographic data of 1 in CIF format (CCDC no. 815831) can be obtained, upon request, from the Director, Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.
Thin Films. Thin films of [Eu(hfa) 3 (bpyO2)] were deposited on 1À2 cm 2 glass/ITO substrates by thermal evaporation in vacuum chamber Univex-300 from Leybold Heraeus (P < 3 Â 10 À5 Torr) equipped with a quartz indicator (Inficon IC-6000) for thickness control. Morphology of the thin films was studied by scanning electron microscopy (SEM) on a Supra 50 VP (LEO) or on NT-MDT NTEGRA Aura in semicontact mode of atomic force microscopy (AFM). Data treatment was performed using the FemtoScan program package. To estimate the root-mean-square roughness, at least two samples were scanned at six different points or areas. Thickness of thin films was evaluated by SEM on chips and was found to be ≈100 nm.
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